Although viridins like wortmannin (Wm) have long been examined as anticancer agents, their ability to selfactivate has only recently been recognized. Here, we describe the cytostatic effects of a self-activating viridin (SAV), which is an inactive, polymeric prodrug. SAV selfactivates to generate a bioactive, fluorescent viridin NBDWm with a half-time of 9.2 hours. With cultured A549 cells, 10 μmol/L SAV caused growth arrest without inducing apoptosis or cell death, a cytostatic action markedly different from other chemotherapeutic agents (vinblastine, camptothecin, and paclitaxel). In vivo, a SAV dosing of 1 mg/kg once in 48 hours (i.p.) resulted in growth arrest of an A549 tumor xenograft, with growth resuming when dosing ceased. With a peak serum concentration of SAV of 2.36 μmol/L (at 2 hours post i.p. injection), the concentration of bioactive NBD-Wm was 41 nmol/L based on the partial inhibition of neutrophil respiratory burst. Therefore, SAV was present as an inactive prodrug in serum (peak = 2.36 μmol/L), which generated low concentrations of active viridin (41 nmol/L). SAV is a prodrug, the slow release and cytostatic activities of which suggest that it might be useful as a component of metronomic-based chemotherapeutic strategies.
Introduction
Many protocols use high doses of chemotherapeutic agents to maximize tumor cell killing, followed by a recovery period and then by additional high-dose treatments. Low molecular weight, high-affinity, selective kinase inhibitors have often been developed using a similar rationale, seeking to inhibit the kinases that drive the proliferation (or survival) of cancer cells in a select subset of cancer patients, with the goal of eradicating the tumor. An alternative, metronomic chemotherapeutic approach uses low doses of agents with the goal of inhibiting tumor growth (1) . Here, we describe a polymeric, slow-viridin-releasing prodrug that has cytostatic properties that may make it useful as a metronomic chemotherapeutic agent.
The viridins are fungally derived, steroid-like structures with a furan ring, the most studied of which is wortmannin (Wm; refs. 2, 3). Unlike steroids, viridins are chemically reactive compounds, irreversibly modifying target kinases (4) and reacting with amino acids under physiologic conditions (5) . Although viridins have been examined for well over a decade as anticancer agents (6) (7) (8) , their ability to selfactivate after modification has only recently been recognized (5, 9, 10) . Our self-activating viridin (SAV) prodrug exploits that feature of viridin chemistry, namely a slow self-activation to generate low concentrations of the active viridin (Wm) in biological fluids. Because many carrier-based and targeted compounds use some feature of the intracellular environment (e.g., enzymes, low intracellular pH, disulfide reduction) to cleave a bond between a carrier and an active agent, and SAV generates Wm in PBS, we term it a "self-activating viridin" based on this unique feature (5, 9, 10) . Unlike most other kinase inhibitors, SAV is inactive in the form synthesized, but then slowly self-activates to generate the active viridin, NBD-Wm, as shown in Fig. 1A . For a comprehensive review of carrier-based prodrugs and their release mechanisms, see ref. (11) . As a control for SAV in some experiments, we developed in parallel a nonactivating version of Wm with the same physical properties of SAV. This compound is termed "nonactivating viridin" (NAV; ref. 9) .
The current study builds on and extends our earlier work with SAV (5, 9, 10) in several directions. First, we attached a Cy5 fluorochrome to the carrier dextran so that the pharmacokinetics of SAV and serum concentration could be determined. Second, we have shown that the antiproliferative activity of SAV in animals requires viridin release, by demonstrating the inactivity of NAV in this regard. Third, we have shown the antiproliferative effects of SAV differ from the cytotoxic responses produced by other chemotherapeutic agents. Finally, we examined the intratumoral distribution of SAV in a xenograft tumor model and have shown the association of viridin with peripheral, highly vascularized sections of the tumor. The low concentrations of active viridin generated by SAV in blood make it an attractive agent for use in metronomic chemotherapeutic strategies, where a goal is to maintain low but effective levels of agents that exert either antitumor cell effects or antiangiogenic effects (1) .
Materials and Methods

Syntheses
Structures of the compounds used are shown in Fig. 1A . NBD-Wm was synthesized as described (12) . The syntheses of SAV and NAV using NBD-Wm or Wm have been described (9, 10 ). An NHS ester of Cy5 (GE Amersham Biosciences) was attached to a 70 kDa amino dextran carrier (InVitrogen), to obtain a molar ratio of Cy5/dextran (0.58) determined spectrophotometrically. For SAV, there was an average of 3.7 moles of NBD-Wm attached per mole of dextran, determined from the absorbance of NBD at 490 nm using an NBD standard. NAV was prepared by substituting amino hexanoic acid for N-methyl hexanoic acid as the linker. NAV had an average of NBD-Wm to dextran ratio of 2.8. SAV or NAV are expressed as moles or weights of NBD-Wm. In Fig. 4A and B, the NBD and Cy5 fluorochromes were omitted in SAV design as a cost-saving measure. Because NBD-Wm and Wm have similar activities, before and after attachment to dextran, we refer to them as viridins (9, 12) .
Assay for Self-activation A solution of SAV or NAV (1.5 mmol/L Wm equivalents) in 300 μL in PBS (pH 6.8) was incubated at 37°C. Released NBD-Wm was removed by centrifugation (5 min, 13,000 rpm) in a microfuge. Wm formation was obtained from a loss of absorbance at 480 nm. Data fit a first-order decay process with coefficients of correlation of >0.90 in all cases.
Bioactivity of Compounds
The antiproliferative assay used A549 cells (12) . To obtain the uptake of compounds, A549 cells were incubated with 10 μmol/L of Wm as NBD-Wm, SAV, or NAV for the indicated time. Cells were detached with trypsin and fluorescence was determined by fluorescence-activated cell sorting (FACS). Wm is growth inhibitory to cells in culture, with its effects on A549 cells typical of a wide range of cancer cell lines.
NBD Immunohistochemistry for Intratumor Distribution
Tumors were excised, frozen in optimum cutting temperature compound (Sakura Finetek), and sectioned in 5-μm slices. Adjacent sections were then preincubated with 0.3% hydrogen peroxide to inhibit endogenous peroxidase activity and then incubated with primary polyclonal rabbit anti-4-fluoro-7-nitrobenzofurazan antibody (AbD Serotec). After washing with PBS, a secondary biotinylated anti-rabbit IgG (Vector Laboratories, Inc.) was applied followed by avidinperoxidase complex (Vector Laboratories). The reaction was visualized with 3-amino-9-ethyl carbazole (Sigma Chemical Co). Sections were counterstained with Mayer's hematoxylin solution (Sigma) and mounted. Images were captured with a digital camera (Nikon DXM1200-F) using imaging software ACT-1 (version 2.63).
A549 Xenograft
Two million cells in 0.1 mL PBS were implanted s.c. into the right flank of 5-to 8-wk-old nu/nu mice. Tumor growth was monitored by measurements with digital calipers, and tumor volume was calculated with the equation
Once tumors reached ∼100 mm 3 , treatment commenced administering SAV or NAV (1 mg/kg, i.p.). A, structures of SAV, NBD-Wm, and a control NAV. Positions of C20 and C11 are modified on NBD-Wm. When R is CH 3 , that is, with SAV, self-activation through an intramolecular attack generates the active viridin (NBD-Wm). When released from the hydrophilic dextran carrier of SAV, NBD-Wm has low water solubility and precipitates. B, absorption spectra from supernatants of SAV as a function of incubation time. Released NBDWm is removed by its poor solubility. Absorbance from NBD at 480 nm decreased whereas absorbance at 650 nm due to Cy5 was constant due to the solubility of SAV or dextran(Cy5). A halftime of release of 9.2 h was calculated for NBD-Wm release from the decrease in 480-nm absorption. C, generation of NBD-Wm by SAV relative to the duration of assays. SAV self-activation (black curve) was partial during the 0.5-h kinase assay but nearly complete during the 48-h antiproliferative assay.
Cell Cycle Analysis
Procedure was from ref. (13) with minor modifications. Cells (∼10 6 ) were harvested by trypsinization and centrifuged at 200 × g for 5 min. The resulting cell pellet was resuspended in 0.5 mL PBS and vortexed to achieve a single cell suspension. To fix cells, 5 mL of 70% ethanol were added and the cell suspension was incubated overnight on ice. After fixation, cells were pelleted by centrifugation at 200 × g for 5 min. Cells were then resuspended in 5 mL PBS and again centrifuged at 200 × g for 5 min. For staining, the cell pellet was resuspended in 1 mL propidium iodide/ Triton X-100 (0.1% v/v Triton X-100 in PBS, 0.20 mg/mL propidium iodide) and incubated for 15 min at 37°C. Stained cells were then analyzed by flow cytometry (488-nm excitation, FL2 channel). Data analysis was done using the Watson cell cycle model and FlowJo analysis software. Statistical analyses were done using Prism 4.0 (GraphPad Software). ANOVA tests were applied with P values of less than 0.05 considered significant. Uncertainties are SEs for at least three determinations.
Assay for Apoptotic and Dead Cells Cells were cultured in a 24-well plate with SAV or a chemotherapeutic agent for 48 h. Cells were detached by incubation with 200 μL of trypsin EDTA (InVitrogen) for 5 to 10 min at 37°C, combined with any spontaneously detached cells, washed and pelleted (200 × g for 5 min). Cells were resuspended in 300 μL of Dulbecco's PBS, 1% FCS and stained with propidium iodide and APC-Annexin V (Molecular Probes), according to the manufacturer's protocol. Cells were then resuspended in Dulbecco's PBS and analyzed with a FACSCalibur flow cytometer in the FL3 (PI) and FL4 (APC) channels. Apoptotic cells were scored as FL4 single positive, dead cells were considered PI positive, and live cells were double negative. Quadrant statistics were analyzed using CellQuest software and gate placement was aided with the use of positive and negative controls.
SAV Pharmacokinetics
The transfer of SAV from the blood to interstitium after i.v. injection, or from peritoneum to the blood and from the blood to the interstitium after i.p. injection was monitored as ear vessel fluorescence using intravital fluorescence microscopy. A multichannel confocal laser-scanning microscope (Radiance 2100, Bio-Rad) on a Nikon Eclipse E600 microscope (Nikon) with a 20× air objective was used. Nu/nu mice (n = 3) were anesthetized (2.0% isoflurane) and injected (tail vein) with 100 μg of a 155-kDa tetramethylrhodamine-labeled dextran (Sigma-Aldrich), to visualize vessels before SAV was injected. SAV, 1 mg/kg, i.p., was injected and images of vessels were collected using the Lasersharp 2000 program (Bio-Rad). For each time point, three high-intensity regions of interest recognizable as vasculature were defined from Cy5 fluorescence using ImageJ relative rate. SAV self-activated to release NBD-Wm into media, followed by its rapid uptake into cells.
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where k 1 and k 2 are the rate constants for the increase (peritoneum to blood transport) and decrease (blood to interstitium transport) in vessel fluorescence, respectively. A o is a theoretical maximum fluorescence. To obtain images of the vascular and interstitial phases after SAV injection, an i.v. administration was used.
Peak SAV Concentration in Blood
Animals (three nu/nu mice) were injected with SAV (1 mg/kg, i.p.) and blood was collected through heart puncture after anesthesia. The concentration of SAV as the dextran(Cy5) carrier in serum was determined from Cy5 fluorescence read against SAV standards in the serum of uninjected mice.
Respiratory Burst Assay Reactive oxygen species were measured as the luminoldependent, horseradish peroxidase (HRP) chemiluminescence in a 96-well luminometer (Centro LB 960, Berthold Technologies) in Dulbecco's PBS with calcium and magnesium (14) . The HRP concentration was 20 units/mL. Where appropriate, viridin or vehicle was added with the HRP/luminol solution, 3 min before transfer to the luminometer plate.
Results
An important difference between SAV and other viridins (7, 15, 16) was our use of fluorochromes in the SAV design. The structures of SAV and its released viridin, NBD-Wm, are shown in Fig. 1A . SAV was obtained when R is CH 3 ; however, when R is H, a control, NAV was produced. The use of fluorochromes allows the fate of SAV to be monitored in vitro and in vivo and provides useful insights into its possible mechanisms of action. The use of NBD in the SAV design was based on earlier work showing that NBD-Wm and Wm have similar activities as inhibitors of phosphoinositide-3 (PI3) kinase and cell proliferation, with NBD allowing viridin disposition to be monitored by fluorescence or by immunologic techniques (12) . Cy5 was attached to the dextran so that the fate of both the pharmacologically active NBD-Wm and inert dextran(Cy5) carrier could be monitored in vivo. SAV and NAV differ only in the presence of a methyl group on their nitrogen atom (Fig. 1A) , which dictates the ability to self-activate and the resulting bioactivity (10) .
When lyophilized SAV was solubilized with PBS, release of NBD-Wm commenced. At 676 Da, NBD-Wm was far smaller than SAV (MW 72 kDa), and when released from dextran formed a precipitate identified as NBD-Wm by mass spectrometry (data not shown). A half-time of 9.2 hours for NBD-Wm generation by SAV was obtained from the changes in the absorption spectra of the supernatant lacking NBD-Wm (Fig. 1B) . Cy5 absorption (maximum absorption at 650 nm) was independent of NBD-Wm release, whereas NBD-Wm absorption (maximum absorption at 480 nm) decreased due to precipitation. NBD-Wm was highly soluble in PBS when present as the prodrug SAV, due to the hydrophilic dextran carrier, but poorly soluble when released (see Fig. 1A ).
The activity of NBD-Wm, SAV, and NAV as inhibitors of PI3 kinase or cell proliferation depends on the amount of the active species, NBD-Wm, present or generated over the duration of the assay. This, in turn, is dependent on the kinetics of its generation from the inactive prodrug A three-compartment model for the behavior of SAV was used to summarize the data described in previous figures. SAV self-activation had a half-time of 9.2 h (Fig. 1C) . As SAV was transported from the peritoneum to blood and from the blood to the interstitium (Fig. 5B) , it self-activated, releasing NBDWm that was rapidly internalized by cells (Fig. 2B) . At 120 min post i.p. injection, the SAV concentration in blood was 2.36 μmol/L (Fig. 5C ). The concentration of bioactive viridin "seen" by neutrophils was 41 nmol/L (Fig. 5D ). Fig. 1C : With the 0.5-hour PI3 kinase assay, the bulk of the viridin was present as the inactive SAV prodrug (release t 1/2 = 9.2 h) and only small amounts of active NBD-Wm were released. During the 48-hour antiproliferative assay, SAV slowly released nearly all of its NBD-Wm. The necessity of NBD-Wm release from the dextran carrier for kinase inhibition is shown by results with NAV. Due to its relatively slow release (release t 1/2 >100 h), NAV failed to generate NBD-Wm over the course of the assay and thus failed to inhibit PI3 kinase.
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NBD-Wm (12.2 μmol/L). The reason for this is shown in
To gain further insight into the role of NBD-Wm release in conjunction with the activity of SAV, cells were incubated with 10 μmol/L NBD either as NBD-Wm or as the selfactivating SAV or nonactivating NAV, and cell fluorescence as a function of time was determined by FACS in the Fl1 channel. Figure 2A (Fig. 2B) , consistent with slow self-activation and slow release of NBD-Wm that occurs in PBS (Fig. 1C) . In contrast, cells incubated with the non-NBD-Wm-releasing NAV had a cell fluorescence of only 2.49 ± 0.13 at the 24-hour point. Cellular fluorescence from the SAV dextran(Cy5) carrier was not detectable until the incubation period reached 24 hours (data not shown) and then only reached a RCF of 2.6 ± 0.5, suggesting that NBD-Wm enters cells independently of the dextran(Cy5) carrier. Figure 2C shows fluorescent micrographs of cells incubated for 1 hour with 10 μmol/L NBD-Wm, either as NBD-Wm or SAV. Consistent with FACS measurements (Fig. 2B) , cell fluorescence by microscopy increased far more slowly with SAV than NBD-Wm. To compare intracellular NBD accumulation, the fluorescence intensity from the two images was altered to be comparable (Fig. 2C ). Intracellular NBD localization was similar with SAV or NBD-Wm and was associated with perinuclear membranes, identified by the comparison of NBD fluorescence with that of membraneand nuclear-specific stains (12) . We also compared the intracellular NBD and Cy5 fluorescence after cells were incubated with SAV for 24 hours. Cy5 fluorescence was punctate in appearance and differed from intracellular membrane NBD fluorescence. Thus, both the kinetics and intracellular fluorescence localization indicated that a separation of NBDWm from the dextran(Cy5) carrier had occurred.
A model of SAV extracellular self-activation with the release of bioactive NBD-Wm into culture media is depicted in Fig. 2D . The model differs from the many targeting approaches that rely on a feature of the intracellular environment to separate drug from its inactive carrier (low pH, enzymes, reducing environment; ref. 11). The model is based on the following observations: (a) SAV slow release of NBD-Wm in PBS (9); (b) the slow increase in cell NBD fluorescence seen when cells were incubated with SAV, compared with rapid increase seen with NBD-Wm (Fig. 2B) ; (c) the lack of cellular uptake of NBD-Wm when attached to hydrophilic dextran through a nonreleasing linkage (NAV ;  Fig. 2B) ; and (d) the similar pattern of intracellular fluorescence seen with NBD-Wm and SAV (Fig. 2C) , suggesting the same entity (NBD-Wm) had entered cells in both cases. As explained below, the model shown in Fig. 2D reflects the rates of uptake of SAV, NAV, and NBD-Wm ( Fig. 2A) , which in turn reflect their physical properties and release kinetics (see Discussion). The model proposes that SAV is a nontargeted, slow-release prodrug form of NBD-Wm.
We next assessed the cytotoxicity of SAV on A549 cells using the same conditions used for the determination of the SAV antiproliferative IC 50 of 1.05 μmol/L (single addition, 48-hour treatment). As shown with the dual-wavelength FACS analysis of Fig. 3B , which indicated that SAV at 10 μmol/L had no statistically significant effect on the percentages of healthy, dead, or apoptotic cells (P > 0.05). Although increasing the SAV concentration to 100 μmol/L produced modest increases in dead and apoptotic cells (P < 0.05 for all), this concentration was 42 times higher than the peak serum concentration measured in our experiments and ∼100 times greater than the antiproliferative IC 50 . As shown in Fig. 3B , other chemotherapeutic agents produced far greater cytotoxic effects than 10 or 100 μmol/L SAV, when used at similar concentrations (10 μmol/L camptothecin) or far lower concentrations (1 μmol/L vinblastine or 0.1 μmol/L paclitaxel). Using our assay technique and A549 cells, we determined antiproliferative IC 50 s of 60 nmol/L for camptothecin, 0.35 nmol/L for vinblastine, and 6.8 pmol/L for paclitaxel. From Fig. 3 , we conclude that the treatment of cells with 10 μmol/L SAV was antiproliferative and without a cytotoxic effect, the latter defined as a failure to increase the proportions of dead or apoptotic cells. Treatment of cells with 100 μmol/L SAV was moderately cytotoxic, producing a small but significant increase in dead and apoptotic cells. Other chemotherapeutic agents (camptothecin, vinblastine, and paclitaxel) were highly cytotoxic, evident by the large increases in dead and apoptotic cells.
We next examined the effects of SAV on the cell cycle as shown in Fig. 3C , with data from these experiments and additional studies summarized in Fig. 3D . Treatment with 10 μmol/L SAV (results highlighted in gray in Fig. 3D ) for 24 hours resulted in a marked increase in cells in G 1 and a slight decrease in G 2 , results consistent with a block at G 1 . A more modest, although still significant, escalation of G 1 remained in effect with cells treated for 48 hours with SAV, consistent with its slow-release properties. By comparison, treatment with 10 μmol/L Wm resulted in similar significant cell cycle changes at 24 hours, but had no measurable effects at 48 hours. Treatment with 100 μmol/L SAV for 24 hours resulted in a marked decrease in cells in S and an increase in G 2 -M. Thus, this high SAV concentration resulted in a block at G 1 with an additional block occurring at G 2 . Based on Fig. 3 , we conclude that a SAV concentration of 10 μmol/L (4.2 times peak serum concentration of 2.36 μmol/L and 9.5 times the antiproliferative IC 50 of 1.05 μmol/L) did not induce apoptosis or cell death, but produced a G 1 block in the cell cycle associated with an inhibition of cell proliferation.
The antiproliferative activity of SAV, together with the disposition of viridin in the A549 xenograft tumor model, was examined as shown in Fig. 4 . At 1 mg/kg/d, i.p., SAV produced a prompt cessation of tumor growth, whereas equivalent doses of NAV or dextran were without effect. Thus, NBD-Wm release was required for the antiproliferative effects of SAV on cultured cells (9), for NBD-Wm uptake by cultured cells (Fig. 2B) , and for its antiproliferative effect in vivo. When the dosing interval of SAV was decreased to one injection every 2 days (Fig. 4B) , tumor growth was halted, but more slowly than in Fig. 4A (one injection per day). Tumor growth resumed when dosing was discontinued (dotted line). Animals suffered no weight loss, an effect indicative of the hyperglycemia, which can be caused by PI3 kinase inhibitors blocking insulin-mediated glucose uptake (17) . Animals appeared completely normal in the duration of the treatment regimen.
The intratumoral disposition of SAV associated with its antiproliferative effects (Fig. 4A and B) was obtained by NBD immunohistochemistry on three tumors, a typical example of which is shown in Fig. 4C . Here, tumors were sectioned and the disposition of NBD and CD31 obtained on adjacent sections using anti-NBD and anti-CD31 antibodies. At low magnification (Fig. 4C) , tissue NBD-Wm disposition was heterogeneous within the tumor, with high levels of NBD associated with CD31-rich regions (e.g., area shown with a black box) and lower but detectable concentrations seen in more central areas (e.g., red box). Finally, some areas of tumor were apparently free of viridin (arrow). Figure 4D shows NBD distribution at higher magnification from a CD31-rich area (black box, Fig. 4C ) and central area (red box). NBD from central areas was found in cell membranes, whereas tumor from an uninjected animal failed to bind anti-NBD.
We next examined the behavior of SAV in mice by intravital microcopy as shown in Fig. 5 . Figure 5A shows micrographs of the Cy5 fluorescence in a mouse ear obtained by intravital microscopy after an i.v. injection of SAV. At 4 minutes post injection, SAV was present in the vasculature (white arrow) but exhibited rapid extravasation (70 minutes). At 1,350 minutes, a purely interstitial phase was obtained, with a vessel seen as a dark tube (white arrow) against a fluorescent background of interstitium. Data for vessel fluorescence as a function of time after i.p. injection, the mode of administration used in xenograft (Fig. 4) , were then analyzed as shown in Fig. 5B (three mice). Vessel fluorescence increased gradually, reflecting peritoneal to vascular transport, and fell due to passage of the agent from the blood to the interstitium. Using a model of sequential transport between three compartments, half-times for the transport from the peritoneum to blood and blood to interstitium of 1.35 and 1.34 hours were obtained, respectively. However, the kinetics of vessel fluorescence provided no information regarding the vascular concentrations of SAV. Therefore, we determined the serum concentration of SAV at 2-hour postinjection, the time of peak serum levels following i.p. injection (Fig. 5C) . Here, the Cy5 fluorescence from SAV-injected animals was analyzed against standards prepared by adding SAV to the serum of uninjected animals. The SAV concentration in serum was determined to be 2.36 ± 0.60 μmol/L.
Having determined the time course of SAV transport between compartments and peak serum concentration, we next determined the concentration of bioactive NBD-Wm in serum using as a bioassay the degree of inhibition of the neutrophil respiratory burst from SAV-injected animals. Wm is not only an inhibitor of cell proliferation but a potent inhibitor of a number of immune functions, including neutrophil respiratory burst with reported IC 50 s of 28 nmol/L (18) and 12 nmol/L (19) . As shown in Fig. 5D , the respiratory burst from SAV-injected animals was compared with a standard curve obtained by adding viridin to the neutrophils obtained from non-SAV-injected mice. An IC 50 of 48.3 nmol/L was obtained for the standard curve that used neutrophils from a non-SAV-injected mouse, whereas an IC 50 of 8.6 nmol/L was obtained with human neutrophils used by others using our assay methodology. 4 The inhibition of respiratory burst from SAV-injected animals was then measured and the bioactive viridin concentration in vivo was calculated to be 41.0 nmol/L. We conclude that SAV exerted both an antiproliferative effect on A549 cells and inhibited the respiratory burst from neutrophils. In addition, the concentration of bioactive viridin (41.0 nmol/L) was far below serum concentrations of viridin present as the inactive prodrug, SAV (2.36 μmol/L), the implications of which are discussed below.
A pharmacokinetic model that summarizes the known features of SAV in vitro and in vivo behavior is shown in Fig. 6 , which also indicates the origin of supporting data. The half-times of SAV transport from blood to the peritoneum (1.35 hours) and blood to interstitium (1.34 hours) were shorter than the half-time of self-activation and NBD-Wm generation (9.2 hours; ref. 9) , indicating that substantial transport of NBD-Wm attached to dextran, that is as SAV, occurred between these three compartments. The model neglects the transport of release bioactive agent, NBD-Wm, between compartments due to its physical properties (poor solubility; Fig. 1B ) and rapid internalization of NBD-Wm by cells (Fig. 2B) . The peak concentration of SAV in blood (2 hours post i.p.) was 2.36 μmol/L, whereas the concentration of bioactive NBD-Wm in serum was 41.0 nmol/L, based on the partial inhibition of respiratory burst activity (Fig. 5C) . Thus, SAV served as a polymeric reservoir of inactive NBD-Wm, slowly self-activating to generate 41 nmol/L of the active viridin, NBD-Wm, when its serum concentration was 2.36 μmol/L.
Discussion
The physical and pharmacokinetic properties of SAV, together with its slow self-activation, distinguish it both from other natural product-based viridin kinase inhibitors (15, 16) and from fully synthetic, man-made inhibitors (20, 21) . The attachment of NBD-Wm to the 70-kDa dextran(Cy5) imbued the NBD-Wm with physical properties of dextran: a molecular weight of 72 kDa, water solubility, and membrane impermeability. Conversely, SAV self-activation released NBD-Wm and resulted in a reversal of this transformation: The released NBD-Wm was hydrophobic, of low molecular weight (676 Da), poorly soluble in water (Fig. 1B) , and rapidly entered cells (Fig. 2B) . Thus, the model of SAV behavior shown in Fig. 2D is consistent with our data and the general principles governing the physical properties of membranepermeable materials.
Regarding the pharmacokinetic properties of SAV, Kaneo has shown that the blood half-time of a 70 kDa dextran in mice was 1.59 hours, in good agreement with our value for the SAV blood half-time of 1.34 hours (22) . We also found that SAV underwent transport from the vascular compartment to the interstitium (Fig. 5A) , consistent with studies on the pharmacokinetics of fluorescent dextrans in mice (23) . We therefore conclude that the physical and pharmacokinetic properties of SAV were determined by its 70-kDa dextran carrier.
We initially showed that SAV slowly released its viridin in PBS (Fig. 1B) and then in cell culture (Fig. 2B) . To show the role SAV self-activation and viridin release played in vivo, we showed that NAV, identical to SAV except for a methyl group needed for self-activation (Fig. 1A) , failed to inhibit tumor growth (Fig. 4A) . Not only was NBD-Wm release crucial for the antiproliferative effect of SAV on the A549 tumor but our observations also indicate that in vivo SAV served as a reservoir of inactive prodrug generating low levels of NBD-Wm (Fig. 5C and D) . Based on the partial inhibition of neutrophil respiratory burst, the apparent concentration of bioactive viridin was 41.0 nmol/L, whereas the serum level of NBD-Wm present as the inactive prodrug was 2.36 μmol/L. SAV therefore circulates as an inactive prodrug in micromolar concentration range, self-activating to generate nanomolar concentrations of active viridin.
To determine whether the antiproliferative effects of SAV in vivo were due to its effects on A549 cells, its effects on those cells in culture were examined. SAV (10 μmol/L) blocked the proliferation of A549 cells (antiproliferative IC 50 = 1.05 μmol/L; ref. 9) but did not induce cell death or apoptosis. In contrast, the antiproliferative effects of three standard chemotherapeutic agents (paclitaxel, camptothecin, and vinblastine) were associated with increases in apoptosis (Annexin V binding) and cell death (propidium iodide binding). SAV (10 μmol/L) increased the proportion of cells in the G 1 phase of the cell cycle at both 24 and 48 hours, whereas effects of Wm were qualitatively similar but transient, with cells returning to control behavior at 48 hours. A similar short-duration effect of Wm on the cell cycle has been observed (24) .
Although SAV had clear effects on A549 cells, it seems that the cytostatic effects of SAV on the tumor were not due solely to its effects on tumor cells. First, the intratumoral distribution of NBD-Wm after SAV injection showed that NBD-Wm concentrated in the vascularized tumor periphery or capsule (Fig. 4C) , with lower concentrations in the central portion of the tumor and some areas free of NBD-Wm altogether. Second, the antiproliferative IC 50 of SAV was 1.05 μmol/L, a considerable improvement in potency from the IC 50 of 12.2 μmol/L obtained with NBD-Wm (9). However, the peak serum concentration of SAV seen at 2 hours post i.p. injection was only 2.36 μmol/L, a level that will not produce the complete inhibition of growth of the A549 tumor obtained based on the in vitro antiproliferative IC 50 (1.05 μmol/L). Of note is the fact that a single peak of SAV of 2.36 μmol/L once per 48 hours was sufficient to inhibit tumor growth (a dosing of SAV at 1 mg/kg/2 d was sufficient to inhibit tumor growth, see Fig. 4B ). Third, Wm is a potent inhibitor of angiogenesis but a rather weak inhibitor of tumor cell proliferation. Wm and NBD-Wm have similar, weak antiproliferative activities, with IC 50 s using the A549 cell line of 11.4 and 12.2 μmol/L, respectively (9) . Similar IC 50 s have been obtained with NBD-Wm and Wm for other tumor cell lines (12) . In contrast, Wm is a potent inhibitor of angiogenesis, with an IC 50 in the nanomolar range with the chick embryo chorioallantoic membrane model (25) .
The use of frequent low doses of chemotherapeutic agents, with the goal of inhibiting tumor angiogenesis, can be an alternative to successive rounds of high-dose chemotherapy where the goal is tumor eradication (1) . Two SAV properties, its cytostatic activity and its ability to slowly generate low concentrations of active viridin, suggest that SAV could be used as a metronomic chemotherapeutic agent. Future studies with SAV might be directed to examining it as a component of long-term, multidrug, metronomic therapeutic approaches.
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